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The effect of ultra-high temperature processing by direct steam injection 
and room temperature storage of pH-adjusted and unadjusted 3X (volume 
reduction) skim milk retentate and the effect of storage at various temperatures of 
3X skim milk retentate without pH adjustment on their ~-potential, viscosity, and 
pH were determined. Pasteurized skim milk was concentrated to 3X by 
ultrafiltration. In the pH study portions of skim milk retentate were adjusted to 
pH 6.38 ± .02 with HCl and 6.85 ± .01 and 7.32 ± .02 with NaOH between 
ultrafiltration and ultra-high temperature process_ing. In the storage temperature 
study, storage temperatures used for pH-unadjusted retentate samples were 11°C, 
23°C (room temperature), and 37°C. 
Although pH 6.38 samples had the lowest viscosity in the pH study before 
ultra-high temperature processing, these samples precipitated during ultra-high-
temperature processing. For non-acidified samples, increasing pH of retentate 
resulted in higher viscosities and quicker age gelation times. Destabilization 
occurred more rapidly at 37°C than at 23°C or 11°C. 
xiv 
The pH drop tended to be greater for samples stored at a higher 
temperature or adjusted to a higher pH. During 28 weeks of 37°C storage the pH 
decreased from 6.54 to 6.06. During 32 weeks of 23°C storage pH of samples 
initially adjusted to pH 7.32 dropped to 7.06. 
s -Potentials of casein micelles were calculated from electrophoretic 
mobility obtained by measuring Doppler frequency shifts of scattered laser light 
in samples that had been diluted 300 fold with their own ultra.filtrate. Absolute 
values of s-potential of samples stored at 37°C decreased from -23.4 millivolts 
immediately after ultra-high temperature processing to -18.5 millivolts after 28 
weeks of storage. For samples stored at 11°C and 23°C in the storage temperature 
study and control samples in the pH study, absolute values of s-potential 
decreased approximately 1.5 to 2.0 millivolts during 28 or 32 weeks of storage. 
(115 pages) 
INTRODUCTION 
Mille can be concentrated by ultrafiltration (UF), reverse osmosis, or 
evaporation to reduce its handling, storage, and transportation costs. Concentration 
by UF is sometimes used because it is cheaper than other concentration methods. 
During UF of milk the permeate passes through a membrane under pressure and is 
an aqueous solution similar in composition and concentration to the serum phase of 
the millc excluding the larger molecular weight compounds such as the whey 
proteins. Retentate is the portion that does not pass through the UF membrane. 
Sufficiently large compounds and aggregates are concentrated approximately to the 
extent of UF, whereas smaller compounds undergo little or no change in 
concentration. 
Mille and concentrated milk may be commercially sterilized to prolong their 
shelf life by retort sterilization or by ultra-high temperature (UHT) processing. In 
UIIT, millc or concentrated milk is preheated in plate heat exchangers to 70 to 80°C 
before UHT processing at 130 to 150°C for 1 to 5 s (28) in plate heat exchangers or 
by steam injection. Steam injection is a milder heat treatment than indirect plate 
heating because UHT temperatures are reached quicker and cooling by flash 
evaporation occurs rapidly. Homogenization can be included before or after UHT 
processing (28). After cooling, the product is aseptically packaged. 
The advantage of UIIT processing over pasteurization is the milk becomes 
commercially sterile and does not require refrigeration. It does produce a product 
with increased "cooked" flavor. The advantage of UHT processing over retort 
sterilization is less damage occurring to the color, flavor, and nutrients of millc. 
However, its disadvantage is loss of protein stability during storage either in the 
form of sedimentation or age gelation that often reduces shelf life to a few months 
(17, 28). Susceptibility to age gelation appears to be inversely related to 
susceptibility to sedimentation. Such age gelation and sedimentation occurs faster 
in concentrated milk than in nonconcentrated milk. 
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Both UHT milk and concentrated milk undergo a series of changes before 
age gelation occurs. During initial stages of storage both unconcentrated milk and 
concentrated milk become less viscous. Viscosity remains constant until about 1 to 
3 wk before gelling when viscosity suddenly increases. At onset of gelation both 
can be agitated to lower their viscosity. After 1 to 2 d, however, they become 
viscous again. Eventually, gelation becomes irreversible, and a custard-like 
consistency results (28). 
A knowledge of the mechanism of age gelation will help give direction in 
prolonging the shelf life of UHT-concentrated milk. Although many theories have 
been proposed to describe age gelation, its mechanism is still not understood. 
Evidence can be used to support or to disprove most of the existing theories for age 
gelation. Surface or Stem potentials are directly involved in two theories or models 
that have been mentioned in relation to age gelation. The Theory of Stability of 
Lyophobic Colloids (21, 85), also known as the Deryagin-Landau and 
Verwey-Overbeek (DLVO) theory (60), predicts destabilization will occur faster 
when Stem potential is lowered. The Metastable Equilibrium State (MSES) model 
(25) predicts milk containing many micelles with a high initial surface potential will 
undergo more structural rearrangements and age gel faster than milk containing few 
micelles with a high initial surface potential. 
In this project ~-potential (electrokinetic potential), which is the potential at 
the shear surface of a particle relative to the bulk solution (5), was determined 
instead of surface potential or Stern potential. In this thesis increasing surface, 
Stem, ors-potential refers to increasing absolute values rather than increasing 
3 
algebraic values. The effect of UHT processing by direct steam injection and room 
temperature storage time of pH-adjusted 3X (3 times (x) concentrated by volume 
reduction) skim milk retentate samples (16% total solids) and the effect of storage 
temperatures of 3X skim milk retentate samples without pH adjustment on their 
~-potential, viscosity, and pH were determined. 
LITERATURE REVIEW 
Factors Affecting Age Gelation 
Processing conditions such as heat treatment and homogenization affect 
stability of UHT-concentrated milk. Age gelation is delayed by both higher 
temperatures and longer times during forewarming and UHT processing. This 
improvement in shelf life, however, is greater for UHT milk than for 
UHT-concentrated milk. Sedimentation and flavor deterioration result if 
forewarming is too high or too long. Age gelation of evaporated milk was delayed 
when processing occurred at lower temperatures for longer times (23). It also is 
delayed if indirect heating is used rather than direct heating. 
4 
For maximum stability of evaporated 3: 1 concentrates against age gelation, 
heat processing should occur after concentration but before homogenization (42). 
Age gelation can also be retarded by holding the heated concentrated milk at 94°C to 
allow a critical viscosity to develop and then homogenizing the resulting coagulum 
under aseptic conditions. If the coagulum is too viscous when it is homogenized, 
the milk sediments. However, if the coagulum is too thin, the milk will still age 
gel. 
Total solids, composition, and quality of UHT milk all affect its stability. 
When the total solids content is increased from 24% to 26%, UHT-processed 
evaporated milk gels faster (23). This increased instability is due to increased 
solids-not-fat rather than increased fat (14, 82). Gelation occurs sooner when 
dialyzed acid whey is added to milk, but the gelation time is not changed by adding 
as-· P-, or K-caseins. 
Age gelation is affected by enzyme treatments and use of additives. Rennet 
or neuraminidase pretreatments before heat processing stabilize milk against age 
Adding disulfide reducing agents (50) or H202 (30) promotes gelation. Adding 
manganous sulfate (43), polyhydric compounds (43), phosphatides (43), 
sulfhydryl blocking agents (50), or polyphosphates (78) delays age gelation. The 
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extent of protection against age gelation provided by polyphosphates increases with 
increasing chain length, increasing concentration, and by adding cyclic condensed 
polyphosphates rather than linear polyphosphates. It is believed polyphosphates 
are effective in preventing age gelation because of their ability to complex with 
casein micelles and thereby increasing their electrostatic repulsion. Reducing the 
availability of calcium by adding phosphates or citrates promotes gelation (28). 
Adding small amounts of calcium delays gelation (25), but adding larger amounts 
hasten it at room temperature (23). Increasing pH of milk before concentration also 
delays age gelation (7), but has no effect on unconcentrated UHT milk. 
Storage temperature also influences age gelation. At higher storage 
temperatures UHT-evaporated milk containing 26% total solids gelled sooner (23). 
However, this is not the case for age gelation of UHT unconcentrated processed 
milk. There have been conflicting reports on storing milk at temperatures between 
2 and 40°C and subsequent occurrence of age gelation (28). 
Changes During Storage of UHT 
Milk Concentrates 
During UHT processing of milk, denatured P-lactoglobulin interacts with 
K-casein (73). The magnitude of this interaction increases with increasing heat on 
the milk. This interaction alters casein micelles and hinders age gelation as well as 
heat and enzymic coagulation (28). 
Maillard-type reactions occur in UHT milk between E-NH2 groups of lysine 
(1), basic side chain groups of arginine and histidine (83), or the N-terminal groups 
(83) and the reducing groups of lactose or its degradation products (1). This 
covalent binding of proteins can cause formation of protein polymers. The extent 
of this reaction depends on the storage time and temperature. 
Mineral balance of UHT milk changes during heating and storage. Heating 
milk causes precipitation of calcium phosphate (2). Afterwards, the precipitate 
dissociates (69). However, during prolonged storage some forms of calcium 
phosphate again precipitate (2). As a result of this shifting between ionic and 
colloidal forms of calcium, the charge and surface properties of the casein micelles 
may be altered (28). 
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For high-temperature-short-time sterilized concentrated skim milk, there is a 
net migration of calcium and inorganic phosphorus from the whey to the micelles 
and of nitrogen from the micelles to the whey. This increase in micellar Ca/N ratio 
during storage was greater for concentrated skim milk compared to unconcentrated 
skim milk (3). This increase also occurs in retort sterilized milk which does not age 
gel, so incorporation of Ca and P into micelles during storage does not explain their 
destabilization. More work needs to be done to understand the relationship between 
mineral distribution and stability of UHT-processed concentrated milks. 
During UHT treatment casein micelles rearrange through a simultaneous 
process of disaggregation and aggregation. More casein becomes sedimentable on 
ultracentrifugation (2), and the casein micelles increase in size. This increase is 
only slight for UHT milk (70), but for UHT milk concentrates the micelles increase 
about three times (74). 
Initially during storage the micelles are spherical and well separated. In 
heated milk there are filamentous appendages on the surf ace. These appendages 
may be caused by denatured ~-lactoglobulin (20) or by hairiness (30). These 
may be caused by denatured P-lactoglobulin (20) or by hairiness (30). These 
appendages on micelles in um-processed concentrated milk disappear during 
storage. Later viscosity rises, and thread-like tails on the micelle surface are 
observed. Following this the milk becomes viscous, and although the micelles 
retain their identity, many pair or form triplets by fusion or are joined by thin 
fiber-like material. Subsequent to this the milk gels and the micelles are distorted 
and aggregated. A continuous network is formed via fiber-like material connecting 
micellar chains (28). 
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During age gelation, there are gradual changes in casein micelles. The same 
changes occur sooner in samples treated with orthophosphate. In samples treated 
with hexametaphosphate, little structural change other than the micelles becoming 
smaller and smoother occurs (28). 
Stability of um milk can be estimated from its sensitivity to ethanol, 
calcium, or rennet coagulation. During storage, UHT milk becomes less stable to 
ethanol, added calcium, and rennet at 20°C (71). 
Mechanisms of Age Gelation 
Many hypotheses have been developed to explain the mechanism of age 
gelation. These are based on changes to age gelation time and measured changes in 
UHT milk during storage. Age gelation is not caused by microorganisms since 
um products are usually sterile, although their heat-stable proteases have been 
implicated in age gelation of unconcentrated milk. There is some interaction 
between casein micelles that causes them to form a three-dimensional gel network. 
This interaction is based on changes at the micellar surface and causes it to become 
more reactive. What those changes are, and the forces involved are not fully 
understood. 
There is evidence to support the idea that age gelation is similar to rennet 
coagulation. An increase in proteolytic breakdown sometimes accompanies age 
gelation (71). Mille that has been UHT-processed has decreased stability towards 
calcium, and its viscosity changes in a manner similar to millc undergoing rennet 
coagulation (60). In both cases the millc becomes less viscous, followed by a 
period of no change and finally undergoes a rapid thickening. The coagulation 
kinetics of age gelation and rennet coagulation are also similar. 
Pseudomonas jluorescens protease M3/6, a common bacterial protease 
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which remains active after UHT processing, has a temperature optimum between 23 
and 45°C and a pH optimum between 6.0 and 8.5 using azocasein assay (40). The 
temperature optimum for general proteolytic activity is 37°C. Variations in pH 
optimum for proteolytic activity have been reported, but a value around pH 8 is 
most common (37). 
There are, however, some problems with the enzymic hypothesis of age 
gelation. In some commercially sterilized products proteases have not been 
detected, and there have been cases in which millc has age gelled, but no proteolysis 
detected. Extent of proteolysis cannot always be correlated with age gelation (71) . 
More protein is hydrolyzed at higher storage temperatures, but age gelation is 
independent of storage temperature between 4°C and 30°C (71). At 37°C such 
samples do not age gel. Also, addition of orthophosphate or hexametaphosphate 
does not affect protein hydrolysis, but while the former hastens gelation, the latter 
delays it (29). Much less proteolysis occurs in UHT evaporated milk than in UHT 
milk even though UHT evaporated milk age gels faster. No more than 10% of K-
casein is hydrolyzed during age gelation (29), whereas 60% to 70% hydrolysis 
occurs before coagulation is observed in 12% (w/v) and 36% (w/v) skim millc 
powder reconstituted in distilled water when they are renneted (31). When .03 mg 
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of pepstatin A per ml of Berridge substrate (12% (w/v) NDM in .OlM CaCli) is 
added to stop chymosin action, aggregation, as observed by increased turbidity, 
will occur to a slight extent when 20% hydrolysis of K-casein had occurred and to a 
significant extent when 50.1 % hydrolysis had occurred. Turbidity increased by 
about .01 absorbance units in the former case and about .1 absorbance units in the 
latter case. Increasing the CaCl2 concentration to .05 or .10 M increases the extent 
of aggregation that occurs for a given extent of hydrolysis. A slight increase in 
turbidity was eventually detected at 6 to 8% hydrolysis in presence of .05 and .10 
Madded CaCl2 (31). Therefore, it is not known if 10% hydrolysis of K-casein can 
cause age gelation. 
It has been proposed that age gelation proceeds by a non-enzymic basis. 
Such mechanisms include Maillard-type reactions, disulfide bonding of casein 
micelles, partial dissociation of micelles during storage, and MSES model. As with 
the proposed enzymic basis for age gelation, there is mixed evidence about such 
non-enzymic reactions. 
It has been suggested that f3-lactoglobulin and K-casein interaction delays 
age gelation. When milk is retort sterilized, there is complete and irreversible 
interaction between ~-lactoglobulin and K:-casein. This protects against age 
gelation, whereas the incomplete interactions that occur in UHT processing do not 
prevent age gelling. 
However, although a sufficient heat treatment can be given to evaporated 
milk to form an irreversible complex between f3-lactoglobulin and K-casein, if they 
are cold stored for 2 to 3 d before retort sterilization, they still gel. Perhaps the cold 
storage by changing calcium solubility (67) and hydrophobic interactions (64) alters 
the casein micelle structure, so that the f3-lactoglobulin and K-casein interaction is 
affected. Also, when whey proteins are added to concentrated milk, the resulting 
UHT-processed milk gels faster (23). 
Partial dissociation of micelles or slow conformational changes on the 
surface during storage are supported by electron microscopic observations. It 
implies that new regions become exposed on the micelle surfaces that promote 
interactions, such as hydrophobic interactions, between micelles. The forces 
causing such dissociation are not known. They may be caused by calcium shifts. 
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In the MSES model (25), micellar stability is determined by a balance 
between local energy barriers provided by intramicellar bonds and the system's free 
energy. It assumes micellar surface potential and free energy level change together. 
A high micellar surf ace potential yields a high energy barrier preventing 
intermicellar aggregation. Decreasing this energy barrier results in their 
aggregation. 
However, increasing micellar surface potential increases electrostatic 
repulsion between the surface elements, which may overcome intramicellar energy 
barriers. Consequently, micelles with high surface potentials can undergo more 
structural rearrangements which can then lower their surface potential. In contrast, 
micelles with low surface potential undergo fewer structural rearrangements with 
corresponding lower rates of decrease of system free energy. It is not known what 
the structural rearrangements of these metastable structures are. 
Structural rearrangements of individual micelles could proceed by random 
potential jumps. These micellar transformations may be structural rearrangements 
or dissociation and reassociation into more stable micelles with lower surface 
potentials. Such transformations occur when a micelle acquires sufficient energy to 
overcome the energy barrier preventing micellar rearrangements. When this occurs, 
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the metastable structure spontaneously breaks down to form a more stable micelle 
having a reduced surf ace potential. 
If unstable micelles with high surface potential are present, aging alterations 
continue. Extent of aging alterations (the primary reaction) have been estimated by 
rate at which heat stability decreases during storage. If milk or milk concentrates 
have not been stabilized against aging alterations, they will age continuously until 
age gelation occurs. Adding calcium uniformly acts on all micelles to reduce the 
surface potential, which slows down the reaction. Adding small amounts of rennet, 
which reduces s-potential, before heating also stabilizes milk against aging 
alterations. Intense heat treatments of milk or concentrates reduce rates of aging 
alterations. Rate of aggregation increases with increasing number of unstable 
micelles and with increasing probability of contact Aggregation (the secondary 
reaction) becomes visible when a critical average micellar surface potential has been 
obtained. 
Electrical Potentials and 
Colloid Stability 
Most substances in aqueous solutions have a surface charge, which can be 
caused by ionization, ion adsorption, and ion dissolution. Near the surf ace of a 
charged particle, relative concentrations of counter-ions are higher than co-ions 
even though thermal motion causes mixing. TI1e electric double layer consists of 
the charged surface and higher concentration of counter-ions compared to co-ions. 
As distance from surface is increased, difference between counter-ions and co-ions 
and potential relative to the bulk solution decreases (76). 
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In the Gouy-Chapman model for flat surfaces, concentration of cations (n +) 
and anions (n - ) as a function of distance from a positively charged surface is given 
by the equation: 
-Ze'lf 
n+= n0 exp ( kT ) and 
Ze'lf 
n - = n0 exp ( kT ) 
where n0 = bulk ionic concentration 
z = ionic charge 
e = charge on an electron 
(1.60 x 10-19 Coulombs) 
'I' = electrical potential 
k = Boltzmann constant 
(1.380662 x 10-23 ~) 
T = absolute temperature 
A complex equation for potential as a function of distance can be derived 
starting with the above equations. If ze'lf0 is much smaller than 2kT, the 
ze'JI: ze'\jl 
Debye-Huckel approximation {exp ( 2kT ) ::::: 1 + ( 2kT
0 
) } can be made. Then 
potential as a function of distance is given by the equation: 
where 'l'o = surface potential 
K = inverse of thickness of diffuse 
double layer 
x = distance from surface 
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Potential decreases by a factor of 1/e over distance of l/K. For casein micelles the 
thickness of the double layer is approximately 1.0 to 1.1 nm (59, 86). For a 
spherical interface, potential as a function of distance is given by the eqution: 
'I'= 'Vo~ exp [-1C (r - a)] 
where a = particle radius 
r = distance from center of sphere 
At low potentials the relationship between surface potential and surface 
charge density is given by the equation: 
cro = ElC\jlo 
where cr0 = surface charge density 
E = permittivity 
The Stern model takes into account that ions cannot approach the colloidal 
particle closer than their hydrated radius because of their finite size. Therefore, this 
model considers a Stern plane in the electrical double layer. Inside the Stern plane, 
the double layer consists of specifically adsorbed ions and is called the Stern layer, 
while the portion of the double layer outside the Stern plane is called the diffuse part 
of the double layer. The Gouy-Chapman model applies only to outside of the Stern 
plane. Depending on the type of adsorption that occurs in the Stern plane, it is 
possible that the potential at the Stern plane (Stern potential) can be greater in 
magnitude or have an opposite sign compared to its surface potential, depending on 
the type of adsorption that occurs in the Stern layer. The former situation occurs if 
surface active or polyvalent counter ions adsorb in the Stern layer. The latter 
situation occurs if co-ions adsorb in the Stern layer. Magnitude of potential will 
decrease outside the Stern plane. 
Grahame (26) separated Stem region with an "inner Helmholtz plane." 
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Inside this plane are centers of dehydrated ions. The "outer Helmholtz plane" is 
located at a distance of a hydrated ion from the surface and is the same as the Stem 
plane. 
The s-potential is obtained from electrokinetic measurements. Therefore, 
s-potential is potential at the shear surface of a particle relative to the bulk solution 
(5) and can also be defined as potential across the mobile part of the double layer. 
The shear plane is a region where viscosity changes rapidly, but its exact location is 
unknown. Some solvent as well as hydrated and dehydrated ions in the Stern layer 
will be carried by charged particles as they move in the electric field. Therefore, the 
shear plane is probably located just outside of the Stem plane for many substances. 
This location implies s-potential is nearly as large in magnitude as the Stem 
potential. However, distance between Stem plane and shear plane can increase 
with adsorption of non-ionic surfactants, causing a larger difference between a 
particle's Stem potential ands-potential. At a given distance between the Stem and 
shear planes, drop in potential with distance can increase with ionic strength (i.e., a 
high salt concentration) because the diffuse part of the double layer will be 
compressed. Therefore, the assumption of equality of Stem potential and 
s-potential may not be realistic under certain conditions. Perhaps s-potential can 
serve as a lower limit for Stem potential. Surface potential can be estimated by 
extrapolating s-potential values as a function of ionic strength to zero ionic strength 
(27). However, if ionic strength becomes too low casein micelles will dissociate. 
Electrophoretic mobility, which is particle velocity divided by electric field 
strength, can be measured several ways. In moving boundary electrophoresis, 
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which had commonly been used for casein micelles, electrophoretic mobility is 
determined by the rate at which boundaries move for a given strength of the applied 
electric field. Payens (58) determined ~-potential by electroosmosis. Dalgleish 
(16) stated electrophoretic mobility of casein micelles cannot be determined easily 
by rnicroelectrophoresis because micelles are too small to be easily seen with a light 
microscope. In electrophoretic light scattering (80), laser light gets Doppler shifted 
by moving particles in an electric field. This scattered and shifted light recombines 
and interferes with laser light that did not get Doppler shifted. The resulting beams 
beat with a frequency equal to the difference in their frequency. Sinusoidal 
intensity fluctuations result and get converted into an electric current. The current is 
passed to an analyzer. The Fourier transform of the autocorrelation function is 
performed to obtain the power spectrum. From the frequency spectrum 
electrophoretic mobility and s-potential can be calculated. 
Electrophoretic mobility can be converted to s-potential by using Ruckel, 
Smoluchowski, or Henry equation depending on the value of Ka. This 
dimensionless quantity gives ratio of particle radius to its double layer thickness. 
For small Ka which indicates a particle may be considered as a point charge, 
Ruckel equation can be used. In this equation the particle is also assumed to be 
large enough to apply Stokes law. Electrical force and frictional resistance of the 
medium are equated giving: 
QEE = 6m)va 
where QE = charge of electrokinetic unit 
E = electric field strength 
Tl = viscosity of medium 
v = electrophoretic velocity 
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Using definitions of potential and electrical force and assumings-potential 
is the difference between surface potential and potential at the outer edge of the 
double layer, the following equation can be written for s-potential: 
~ QE s-potential = - ---~-,.1-
47rea 47tE[a + - ] 
1( 
After performing some simplifications and combining these two equations, 
the final equation for relating electrophoretic mobility to s-potential becomes: 
where UE = electrophoretic mobility 
This equation applies more readily to electrophoresis in non-aqueous solutions 
having low conductance rather than aqueous solutions. 
For large Ka, which indicates the particle may be considered as a flat surface, 
Smoluchowski equation can be used. In this equation layers of liquid in the diffuse 
part of the double layer are considered to flow parallel to a nonconducting flat 
surface when an electric field is applied in that direction. Product of electric field, 
bulk charge density, and infinitesimal thickness (dx) give electrical force per unit 
area This electrical force per unit area is equated with change in product of 
viscosity and velocity gradient (shear rate) over distance as shown by the equation: 
dv dv 
Epdx = (Tt dx \ +dx - (Tl dx )x 
where p = net charge density per unit 
volume 
After substituting in the Poisson equation which is given as: 
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simplifying, and integrating twice using certain boundary conditions, one obtains 
the equation: 
Unlike Buckel and Smoluchowski equations, large and small Ka values can 
be used with the Henry equation for converting electrophoretic mobility to 
~-potential (33). It is given as follows: 
where F(Ka) depends on Ka 
'A - ko - k1 
- 2k 0 + k 1 
where k0 = solution conductivity 
k1 = particle conductivity 
For small Ka values F(Ka) is near zero, and/.... approximately equals 1/2 because of 
negligible particle conductance. In this case the Henry equation becomes: 
~£ U =-- f(Ka) 
E 1.511 . 
where f(Ka) = 1 
which is the same as the Buckel equation. For large Ka values f(Ka) is near 1.0, 
and/.... approximately equals -1 because particle conductivity is much greater than 
solution conductivity. Then electrophoretic mobility would be near zero. 
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However, conducting particles often act like nonconducting particles because they 
are rapidly polarized in an electric field. The Henry equation for large Ka values 
becomes: 
This reduces to: 
SE u =- f(Ka) 
E 1.511 
where f(Ka) =1.5 
U =SE 
E Tl 
which is the same as the Smoluchowski equation. Plots exist for values of f(Ka) as 
a function of Ka. Values for f(Ka) and E are not known for milk. The Henry 
equation uses the Debye-Huckel approximation and assumes no surface 
conductance, no double layer relaxation, and no variation of E and Tl in the mobile 
part of the double layer. 
There are many problems with interpretation of s-potential, and 
assumptions for equations for converting electrophoretic mobility to s-potential are 
not always met. Since conductivity is greater in the diffuse part of the double layer 
compared to the bulk solution, electric field strength, and thus electrokinetic 
behavior, is altered. This surface conductance can be ignored for small Ka values. 
For large Ka values surface conductivity may or may not cause calculated 
s-potential to be too low. However, using the equation: 
where ks= surface conductivity 
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for nonconducting spheres that have large Ka corrects for smface conductance (8, 
34). For the Smoluchowski equations-potential corrected for surface conductance 
can be obtained by plotting 1/sa (inverse of apparent s-potential) against 1/a for the 
equation: 
The particle and the ions in the mobile part of its double layer move in 
opposite directions when an electric field is applied. As a result of this ionic 
movement, nearby liquid will also move and will slow down the particle motion. 
This phenomenon is known as electrophoretic retardation and is taken into account 
in the Henry equation. 
This relative movement of particle and mobile part of the double layer 
temporarily distorts the double layer until diffusion and conduction restore the 
original symmetry. During this relaxation time the particle is retarded because of 
this asymmetry in the mobile part of the double layer. Although the Henry equation 
does not take this into account, this relaxation effect may be significant for Ka 
values between .1 and 300. 
Equations now exist that take surface conductance, retardation, and 
relaxation into account based on power series (9, 10, 53). Wiersema et al. (88) 
developed a superior model, but there are still limitations to this model such as 
constant permittivity and viscosity throughout the mobile part of the double layer, 
presence of only one type of cation and anion, application only to uniformly 
charged and rigid nonconducting spherical particles, and no influence by other 
particles. The last limitation would imply s-potential could only be properly 
20 
detennined in very dilute solutions. Casein micelles are conductors because part of 
the serum phase (and the double layer) is present in the interior of the micelles (27). 
There has been some debate as to whether electric field close to the shear plane is 
strong enough to increase the viscosity (38, 46, 79). A greater increase in viscosity 
caused by a higher s-potential would shift the shear plane away from the surface 
thus decreasing the calculated s-potential. Dielectric constant is probably not altered 
by the electric field close to the shear surface ( 46). 
Holt and Dalgleish (35) reported equations for electrical potential as a 
function of distance and electrophoretic mobility that talce surface hairy layers into 
account. The complete equation applies to states in which the charge density is 
between being controlled by the hairy layer to being controlled by the core surface. 
This equation can be simplified if the hairy layer controls the charge density. When 
the core surface controls the hairy layer, which occurs after renneting, the 
Smoluchowski equation is applicable. In their model they detennined the thickness 
of the hairy layer of casein micelles to be 12 ± 2 nm. Also, they reported the shear 
surface for casein micelles is located about in the middle of the hairy layer. 
Therefore, electrophoretic mobility is affected only slightly by the core surface in 
this case. However, the actual situation and equations are probably more 
complicated than what is predicted by this model because they do not talce surface 
roughness into account. 
The s-potential of casein micelles generally has been reported between -10 
to -20 mV, although values around -50 mV have also been reported (39, 65). 
Acidification to pH 5.2 to 5.4 lowers s-potential although it rises again before 
falling to zero mV (32, 75). Pasteurization and homogenization did not affect 
s-potential (65). Low correlations betweens-potential and milk composition were 
found (65). Pearce (63) reported electrophoretic mobility using moving boundary 
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electrophoresis was not altered when skim milk was diluted with its permeate. 
Conflicting results have been reported about effect of the type of dilution medium. 
Green and Crutchfield (27) and Dalgleish (16) obtained similar results for 
electrophoretic mobility of casein micelles in ultrafiltrate compared to 
ultracentrifugate, while Darling and Dickson (19) obtained higher values for 
s-potential when diluting micelles in ultracentrifugate compared to ultrafiltrate. 
Adding calcium decreases s-potential, but ionic strength has little or no effect on 
s-potential (16). The s-potential increased when sodium dodecyl sulfate (an 
anionic detergent) was added but decreased when cetyltrimethyl ammonium 
bromide (a cationic detergent) was added (63). Conflicting results have been 
repmted about effect of particle size on electrophoretic mobility. Dalgleish (16) and 
Darling and Dickson (19) did not find a relationship between electrophoretic 
mobility and particle size, while Holt et al. (36) found an inverse relationship 
between electrophoretic mobility and particle size. Dalgleish (16) reported 
s-potential decreased from -19 mV to -11 to -12 mV when renneting milk at 0°C. 
Adding small amounts of salts makes lyophobic sols more sensitive to 
coagulation by compressing the diffuse part of the particle's double layer and 
possibly by adsorbing into its Stem layer. The principle of the Schulze-Hardy rule 
is that the required salt concentration for inducing lyophobic sol coagulation is 
affected by counter-ion charge, while co-ion charge, sol concentration, and nature 
of the ion and sol have less or no influence (55). 
Deryagin and Landau (21) and Verwey and Overbeek (85) theory deals with 
interaction energy as a function of interparticle distance and relating this to stability 
of lyophobic sols. Interaction energy is the sum of the normally repulsive energy 
due to electrical double layer overlap and normally attractive energy due to 
London-van der Waals forces. Although interactions between two charged flat 
smfaces have been calculated, the remaining part of this discussion deals with 
interaction between two charged spheres. 
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If ionic adsorption equilibrium is not altered when double layers of 
approaching particles overlap, then either surface charge density or surlace potential 
remain constant while the other changes accordingly when particles approach. Both 
constant surface charge density and constant surface potential approaches have been 
used when applying the DL VO theory to the stability of casein micelles (27, 59). 
The surface charge density does not change when ionization causes the surface 
charge, whereas surface potential does not change when potential-determining ion 
adsorption causes the surface charge. However, both surface potential and surface 
charge density will probably change as particles approach because adsorption 
equilibrium is altered because of too rapid double-layer overlap (56). Using 
assumptions of small electrical double layer overlap, spherical particles with equal 
radius and Stem potential, valid Debye-Huckel approximation for 
Poisson-Boltzmann distribution, and Ka much larger than unity, the equation for 
electrical double layer repulsion becomes: 
VR = 2 7t Ea ~e-lCH 
where V R = repulsive energy due to 
electrical double layer overlap 
H = interparticle distance 
This equation applies to both constant surf ace potential and constant surf ace charge 
density situations. 
The van der Waals forces include forces of attraction by permanent and 
induced dipoles and London dispersion forces. Energy resulting from London 
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dispersion forces is inversely related to sixth power of intermolecular distance. 
Dispersion forces are approximately additive for molecules in a colloid, causing 
appreciable van der Waals forces over a greater distance range. For two spherical 
particles with equal radii and small interparticle separation, approximate van der 
Waals interaction energy is given by the equation: 
where VA= attractive energy due to 
London-van der Waals forces 
A = Hamaker constant 
Hamaker constants can be estimated by London-Hamaker microscopic 
approach or by Lifshitz macroscopic approach (51). The former method deals with 
summing interactions between all interparticle pairs, while the latter method deals 
with dielectric properties of the materials. Values for Hamaker constants are 
typically 10-20 J to 10-21 J and depend on atomic polarizabilities and atomic 
densities. When particles are dispersed in a liquid medium, van der Waals 
interaction energy is lowered and an effective Hamaker constant must replace the 
Han1aker constant in the above equation. When particles and their dispersing 
medium are chemically similar, magnitude of van der Waals interaction energy 
decreases. Values used for Hamaker constant when applying DLVO theory to 
stability of casein micelles were 10-211 (27, 59) and 10-221 (15). The actual value 
is probably quite low for casein micelles because of their sponginess. However, 
Britten et al. (13) calculated a value of 2.4 x 10-19J for the Hamaker constant for 
casein micelles. 
Colloid stability refers to rate at which lyophobic dispersions coagulate 
since they are always thermodynamically unstable and depends on height of the 
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maximum caused by double layer repulsion relative to particles thermal energy, kT. 
This maximum is referred to as the energy barrier. Larger energy barriers 
correspond to slower coagulation, while smaller energy barriers correspond to 
faster coagulation. A secondary minimum is present at larger interparticle 
distances. Weak and reversible flocculation may occur in this secondary minimum 
if it is deep enough compared to the particle's thermal energy. Larger particles 
flocculate more readily in the secondary minimum than smaller particles. 
Aggregation rate is given by the equation: 
dn 2 -dt = k2n 
where n = particle concentration 
= time 
k2 = second order rate constant 
Integrating and substituting n = n
0 
(initial particle concentration) at t = 0 gives: 
1 1 
- --=kt 
n no 2 
Rate constant may change during progress of coagulation. For some colloids it 
may decrease because energy barrier may increase with particle size. For renneting 
milk this rate constant increases with time because the energy barrier decreases with 
hydrolysis of JC-casein. Extent of coagulation can be determined by particle 
counting, viscosity changes, turbidity, and light scattering. Rate constant may be 
determined by determining slope of the plot of 1/n versus t. 
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When there is no energy barrier, every particle collision results in formation 
of larger particles. Therefore, coagulation is considered to be diffusion-controlled 
in this case. Diffusion-controlled rate constant (k0 
2
) was derived by von 
Smoluchowski (54) and is given by: 
However, rate of aggregation is decreased by the difficulty to remove liquid 
between approaching particles but increased by van der Waals attraction between 
the particles. Typically, rates of diffusion-controlled coagulation are about half the 
predicted rate ( 44, 45). 
In presence of an energy barrier only the fraction l/W of particle collisions 
results in aggregation. The inverse of this fraction (W) is referred to as the stability 
ratio. The rate constant becomes: 
Fuchs (54) derived: 
where V = Interaction energy 
The lower limit of this integral is 2a, while the upper limit is infinity. This equation 
relates stability ratio to interaction energy. Alternatively, Reerink and Overbeek 




where V max = maximum interaction energy 
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which also relates stabiiity ratio to interaction energy. 
If ~-potential, dielectric constant, particle radius, and double layer thickness 
of casein micelles are determined, then double layer repulsion energy can be 
calculated as a function of distance. Likewise, if particle radius and Hamaker 
constant are determined for casein micelles, then van der Waals interaction energy 
can be calculated as a function of distance. Summing the double layer repulsion 
energy and van der Waals interaction energy gives interaction energy as a function 
of distance. From the maximum interaction energy (energy barrier), the stability 
ratio can be calculated. This ratio can be used to calculate the second order rate 
constant if the diffusion-controlled rate constant is known or can be calculated. If 
the original micellar concentration is known and the final micellar concentration is 
assumed to be zero, then age gelation time of UHT-processed concentrated skim 
milk can theoretically be predicted on the basis of the DL VO theory. 
However, this prediction will probably be erroneous for several reasons. 
First, using ~-potential for Stern potential will probably give erroneous results 
because of problems in interpretation of s-potential. Second, assumptions such as 
equally sized spheres and equal Stem potentials in the simplified equations dealing 
with calculations of double layer repulsion energy and van der Waals interaction 
energy will not be valid. Finally, the DLVO mechanism is probably not the only 
mechanism controlling age gelation. 
DL VO theory cannot explain stability of casein micelles for several reasons. 
First, the energy barrier is too low (59). This repulsion becomes appreciable only 
at very small interparticle distances. Probably other forces such as steric repulsion 
and hydration become important at these distances. Second, Payens (61) predicted 
the energy barrier should become negative at 31 OK. Since aggregation of native 
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micelles does not occur at 3 lOK, Payens concluded steric repulsion retarded 
aggregation. Third, the Schulze-Hardy rule is not followed (62). Finally, 
~-potential increases but micellar stability to aggregation decreases as temperature is 
raised (19). 
When explaining stability of casein micelles, other factors must also be 
taken into account. First, the DL VO theory assumes the surface charge is smeared 
out, which is probably not realistic for casein micelles (15). During renneting 
patches may form which probably result in large variations of surface charge 
density. Second, with patches on the casein micelle surface that allow aggregation, 
aggregation rate may double because of rotational Brownian diffusion (61). Third, 
the DL VO theory assumes aggregation is reversible. Perhaps the aggregate can 
dissociate. Fourth, repulsive forces between casein micelles also include steric and 
hydration forces, while attractive forces include ionic bonding, calcium 
crossbridging, hydrogen bonding, and hydrophobic interactions (11). 
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MATERIALS AND METHODS 
Pre-UHT Processing 
Raw skim milk obtained from Utah State University Dairy Products 
Laboratory was pasteurized at 63 ± 1°C for 30 min. After cooling, the pasteurized 
skim milk was ultrafiltered to 3X (volume reduction) at 49 ± 2°C using 20,000 mw 
cutoff polysulfone, spiral wound membranes (Osmonics, Inc,. Minnetonka, MN). 
The skim milk retentate was cooled immediately after UF. Samples of the raw 
milk, pasteurized milk, and retentate immediately after UF were taken. 
Portions of the skim milk retentate in each replicate were pH-adjusted for 
the pH study as follows: 
a) pH 6.38 ± .02 by adding 10.00 ml of 1.0 N HCl per kg of retentate, 
b) pH 6.85 ± .01 by adding 5.06-5.10mlof1.0 N NaOH per kg of retentate, and 
c) pH 7.32 ± .02 by adding 16.50-16.65mlof1.0 N NaOH per kg of retentate. 
The remaining skim milk retentate in each replicate for the pH study was used as a 
control (pH 6.68 ± .01). For the remainder of this thesis, these treatments will be 
referred to as pH 6.38, pH 6.68, pH 6.85, and pH 7.32 samples even though the 
pH changed with UHT processing and storage. The skim milk retentate was then 
kept at 4 °C overnight. 
On the following day samples of each treatment were taken for determining 
s-potential, viscosity, pH, and standard plate count before UHT. Samples for the 
second replicate were also taken for examination of milk microstructure using 
transmission electron microscopy. For a given replicate in the storage temperature 
study, on the day after cold room storage, only one sample was taken for the 
determination of ~-potential, viscosity, pH, and standard plate count before UHT 
processing. A portion of each sample was used to determine standard plate count 
29 
and sodium azide (.01 % (w/v)) was added to the remaining part to inhibit microbial 
growth while equilibrating overnight at room temperature. A pH-unadjusted 
sample from each replicate without sodium azide addition was taken and frozen 
until total solids determination. Three replicates for the pH study were performed. 
UHT Processing and 
Sample Storage 
After overnight storage in a cold room, the UF retentate was preheated to 7 6 
± 1°C, then heated at 140 ± 3°C for 4 sin an Alfa-Laval Sterilab TM (Alfa-Laval, 
Lund, Sweden) by direct steam injection, and collected at 24 ± 3°C aseptically into 
120 ml pre-sterilized plastic containers in a positive pressure Alfa-Laval Stericab TM 
(Alfa-Laval, Lund, Sweden). A summary of the scheme for the preparation of 
UHT-treated skim milk retentate samples is given in Figure 1 for samples in the pH 
study. 
Samples for the pH study were stored at room temperature (23 ± 2°C) and 
analyzed at 1 to 2 dafter UHT processing and at 3, 6, 12, 22, and 32 wk of 
storage. A sample of each treatment was taken for transmission electron 
microscopy immediately after UHT processing and at 22 and 32 wk of storage in 
the second replicate of the pH study. 
Effect of storage temperature was studied by storing the UHT-processed 
retentate at 11 ± 2°C, 23 ± 2°C, or at 37 ± 2°C. A summary of the scheme for the 
preparation of UHT-treated skim milk retentate samples is given in Figure 2 for 
samples in the storage temperature study. Four replicates were conducted and 
samples analyzed at 1to2 dafter UHT processing and 4, 8, 18, and 28 wk of 
storage. No analysis was performed at 18 wk of storage for one of the replicates 
stored at 11°C because of a malfunction of temperature control in the room in which 
these samples were stored. Also, no determinations of ~-potential and viscosity 
30 











r- pH 6.85 ± .01 
' pH 7.32± .02 ADJUST pH ~ 
t ADDHCI '--- pH 6.38 ± .02 
~ 1~ , REFRIGERATE 
OVERNIGHT 
~AMPLE FOR STANDARD - I . PRE-UHT PLATE COUNT J -.. SAMPLES 
HEAT TO 140°C 1 FOR 4 SECONDS 
l ADD SODIUM AZIDE (.01% WN) 
COOLT024°C 1 
STORE AT ROOM 




STORE AT 23°C 
Figure 1. Schematic representation of preparation of UHT-processed skim 
milk retentate samples for the pH study. 
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Figure 2. Schematic representation of preparation of UHT-processed skim 
milk retentate samples for the storage temperature study. 
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were made on one replicate after 28 wk of storage at 23°C in the storage temperature 
study because of gelation. 
Standard Plate Count 
Various dilutions of raw skim milk, pasteurized skim milk, and UF retentate 
samples were prepared using sterilized .1 % (w/v) Bacto-Peptone (Difeo 
Laboratories, Detroit, MI) dilution blanks. The sample or diluted sample was 
added to a petri dish containing Standard Plate Count agar (Difeo Laboratories, 
Detroit, MI) by a sterile pipet or by the Spiral System TM (Spiral Systems 
Marketing, Inc., Bethesda, MD). The samples were incubated at 32°C for 48 h and 
were put in a cold room until counting. The number of colony forming units (cfu) 
was counted, and cfu/rnl of raw skim milk, pasteurized skim milk, and UF retentate 
immediately after UF and just before UHT processing were calculated. 
General Analysis 
Viscosity of ungelled samples and permeate used to dilute the casein 
micelles for s-potential determination was measured with a Brookfield viscometer 
model L VT TM (Brookfield Engineering Laboratories, Stoughton, MA) using a UL 
adapter containing 16 ml of sample. The pH of gelled and ungelled samples was 
measured with an Orion Research microprocessor pH/millivolt meter model 811 
(Orion Research, Inc., Boston, MA). Viscosity and pH were measured at the 
storage temperature. Total solids content was determined in duplicate by 
microwave heating using a CEM Automatic Volatility Computer Model AVC TM-80 
(CEM Corporation, Indian Trail, NC) using 100% power for 4 min. Refractive 
index of permeate was determined only once for each treatment at its storage 
temperature with a Zeiss Opton refractometer. 
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Determination of ~-Potential 
Three hundred milliliters of the 3X UF skim milk was ultrafiltered at its 
storage temperature in a Minitan TM UF System (Millipore, Inc. Bedford, MA) 
using 10,000 molecular weight cut-off polysulfone membranes. Thirty rnilliters of 
permeate was collected after rejecting the first 20 ml of permeate. One tenth of a 
milliliter of the 3X milk was then diluted with 30 ml of permeate. This scheme is 
summarized in Figure 3. 
A Coulter DELSA 440 TM (Coulter Electronics, Inc. Hialeah, FL) was used 
to measure the Doppler frequency shifts of scattered laser light from casein micelles 
under an applied potential difference. Samples stored at 23°C were measured at 
25.0 ± .1°C, while the frequency shifts for samples stored at 11°C and at 37°C were 
measured at 11.0 ± .1°C and 35.0 ± .1°C. The parameters used when determining 
frequency shifts were as follows: 
a) 2.0 s field on time, 
b) .5 s field off time, 
c) 90 s run time, 
d) 500 Hz frequency range. 
The frequency shifter was on while collecting frequency data to differentiate the 
directions of particle motion. Frequency shift would be negative if particles are 
moving toward the positive electrode but positive if particles are moving toward the 
negative electrode. The frequency shifts were measured at 4 scattering angles using 
15 v. 
Since magnitude of frequency shift is vertical distance-dependent because of 
electroosmosis, it was necessary to measure frequency shifts at vertical distances in 
which there was no net liquid motion caused by electroosmosis. These positions 
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are positions 16 and 84. In the case there were a slight error in locating the top of 
the channel, any error in measured frequency shift at the resulting position 16 
should be counteracted exactly when measuring frequency shift at the resulting 
position 84, provided these two apparent locations are correctly set on the dial. 
Boxes for analyzing mean values of frequency shifts with applied voltage 
were drawn from + 100 Hz to -150 Hz. Also, the frequency shifts at position 84 
when applying zero volts and using the same parameters and temperatures were 
measured, and boxes for analyzing these mean values of frequency shifts were 
drawn from+ 150 Hz to -150 Hz. These mean values for frequency shifts were 
subtracted from the frequency shifts obtained from the corresponding angles at 
positions 16 and 84 when voltage was applied. To correct for electroosmotic 
effects the frequency shifts measured at positions 16 and 84 and corrected for zero 
volts were averaged. Since the curve for the 30° mechanical angle had fewer humps 
and false peaks than curves for any of the other three angles, only the frequency 
shifts at the 30° mechanical angle were used. 
The following equations were used to calculate electrophoretic mobility and 
~-potential: 
U= 
2 N E (sin i) (cos a) 
where ~f = measured frequency shift 
'A. = wavelength of laser light in µrn 
N =solution refractive index 
E = electric field strength 
(E = applied voltage 






(cross sectional area of channel= .0322045 cm2 ) 
e =scattering angle (optical angle in degrees) 
(33.976691432761° for the 30° mechanical angle 
when N = 1.342) 
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a = angle from scattering vector to direction of electric field 
180 - e · 
(a = 2 - (90 - <j>)) 
(<!>=second optical angle in degrees) 
(16.988347177534° when N = 1.342) 
(.00000146115324° for the 30° mechanical angle 
when N = 1.342) 
s-potential = u Tl 
£ 0 D 10
6 
where D =dielectric constant of solvent 
£0 = permittivity of vacuum 
(unitless) 
(8.85418782 x 10·12 ~) 
106 = correction factor for converting electrophoretic 
mobility in units of µ~-cm to ~-potential in units of 
-s 
mV 
Tl =viscosity of solvent for sample (in poises) 
Rather than use the inbuilt software of the DELSA 440, s-potential was 
calculated from the raw frequency data to allow correction of frequency shift at zero 
voltage. Cross sectional area of the sample channel was determined by back 
calculation from the computer software calculation of ~-potential. The way in 
which the optical angles were determined as a function of refractive index for a 
mechanical angle is explained in Appendix A. 
The cell constant was determined periodically using 9.984 mmho/cm and 
49.586 mmho/cm (at 25°C) standard conductivity solutions (Yellow Springs 
Instruments Co., Inc., Yellow Springs, OH). An average value (21.01975) was 
then used for all calculations of electrophoretic mobility. An ultrafiltrate refractive 
index of 1.342 was used. 
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Electrophoretic mobility ands-potential were calculated using the average of 
the corrected frequency shifts. Dielectric constant of ultrafiltrate was assumed equal 
to dielectric constant of water with values of 83.58 at 11°C (extrapolated value), 
78.38 at 25°C, and 74.86 at 35°C used (4). Viscosity of ultrafiltrate was .0170 cps 
at 11°C, .0116 cps at 25°C, and .0100 cps at 35°C. 
If either or both of the frequency spectra at positions 16 and 84 for a given 
sample had a hump or a false peak greater than 2% of the area of the remaining part 
of the spectra, data from that sample were rejected. Values for s-potential for a 
given replicate, time, and treatment were rejected if that replicate deviated from the 
mean of all the replicates for that treatment and time by at least three pooled standard 
deviations. 
Statistical Analysis 
Paired t tests comparing pH, viscosity, ands-potential before and after 
UHT processing were performed by PROC :MEANS of the SAS System™ , 
Release 6.06 and 6.07 (SAS Institute Inc., Cary, NC) (72). For this statistical 
analysis the control samples from the pH study were combined with the 23°C 
samples from the storage temperature study since all of these samples were stored at 
room temperature and contained no additives. 
Analysis of variance was performed by the general linear models procedure 
(PROC GLM). The storage temperature and pH experiments were analyzed as a 
split plot in time design in a randomized block design. See Appendix B for an 
example of a data file and a SAS file for performing this type of analysis. For a 
given pH adjustment and a given storage temperature, analysis of variance for 
different storage times blocked on UHT runs was performed. Also, at a given time 
in each experiment, analysis of variance for different pH adjustments and storage 
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temperatures blocked on the appropriate UHT runs was performed. All of the 
factors were considered as random effects. When missing values were present, 
Type III sums of squares were used. Type III sums of_ squares in SAS are partial 
sums of squares in which their tests have an orthogonality property in the presence 
of missing cells (72). 
When there were no valid F tests, approximate F tests were performed. The 
expected mean squares for each source of variation are given in Tables 1-7. SAS 
performs their approximate F tests by placing only the mean square of the effect to 
be tested in the numerator, and the remaining mean squares are placed in the 
denominator. Since this method is only approximately valid if certain assumptions 
are met (48), I recalculated values for approximate F tests and corresponding 
numerator (p) and denominator (q) degrees of freedom when all terms in both the 
numerator and denominator are added together. The numerator (p) degrees of 
freedom and denominator (q) degrees of freedom are given by the equation (xx): 
p= 
q= 
where MSi is the mean square of the effect i and fi is the number of degrees of 
freedom associated with that mean square. Therefore, p and q will normally not be 
integers. 
When missing data was present, coefficients for variance components for 
terms in the expected mean squares were normally not integers. Also these 
TABLE 1. Expeced mean squares for determining proper F tests for testing each source of variation of viscosity between pH 








Expected Mean Squares 
Var (Error)+ 2 Var (Block* Wk)+ 4 Var (Block* pH)+ 8 Var (Block) 
Var (Error)+ 3 Var (pH* Wk)+ 4 Var (Block* pH)+ 12 Var (pH) 
Var (Error)+ 2 Var (Block* Wk)+ 3 Var (pH* Wk)+ 6 Var (Wk) 
Var (Error)+ 4 Var (Block* pH) 
Var (Error)+ 3 Var (pH* Wk) 
Var (Error)+ 2 Var (Block* Wk) 
TABLE 2. Expeced mean squares for determining proper F tests for testing each source of variation of pH in the pH study 








Expected Mean Squares 
Var (Error)+ 4 Var (Block* Wk)+ 6 Var (Block* pH)+ 24 Var (Block) 
Var (Error)+ 3 Var (pH* Wk)+ 6 Var (Block* pH)+ 18 Var (pH) 
Var (Error)+ 4 Var (Block* Wk)+ 3 Var (pH* Wk)+ 12 Var (Wk) 
Var (Error)+ 6 Var (Block* pH) 
Var (Error)+ 3 Var (pH* Wk) 
Var (Error)+ 4 Var (Block* Wk) 
TABLE 3. Expeced mean squares for determining proper F tests for testing each source of variation of pH in the storage 
temperature study immediately after UHT processing and during storage using Type III sums of squares. 
Source Expected Mean Squares 
Blocka Var (Error)+ 2.8889 Var (Block* Wk)+ 4.8148 Var (Block* T) + 14.444 Var (Block) 
Temperaturea (T) Var (Error)+ 3.8462 Var (T *Wk)+ 4.8077 (Block* T) + 19.231 Var (T) 
Weeka (Wk) Var (Error)+ 2.8929 Var (Block* Wk)+ 3.8571 Var (T *Wk)+ 11.571 Var (Wk) 
Block* Temperature Var (Error)+ 4.8333 Var (Block* T) 
Temperature* Week Var (Error)+ 3.875 Var (T *Wk) 
Block* Week Var (Error)+ 2.9167 Var (Block* Wk) 
al missing observation. 
TABLE 4. Expeced mean squares for determining proper F tests for testing each source of variation of ~-potential between pH 
6.68 samples and pH 6.85 samples in the pH study immediately after UHT processing and during 22 wk of storage using Type 






Expected Mean Squares 
Var (Error)+ 2 Var (Block* Wk)+ 4.5 Var (Block* pH)+ 9 Var (Block) 
Var (Error)+ 2.6667 Var (pH* Wk)+ 4.4444 Var (Block* pH)+ 13.333 Var (pH) 
Var (Error)+ 2 Var (Block* Wk)+ 2.75 Var (pH* Wk)+ 5.5 Var (Wk) 
Var (Error)+ 4.5 Var (Block* pH) 
Var (Error)+ 2.75 Var (pH* Wk) 
Block* Week Var (Error)+ 2 Var (Block* Wk) 
a2 missing observations. 
TABLE 5. Expeced mean squares for determining proper F tests for testing each source of variation of ~-potential between pH 
6.68 samples, pH 6.85 samples, and pH 7.32 samples in the pH study immediately after UHT processing and during 6 wk of 







Expected Mean Squares 
Var (Error)+ 2.25 Var (Block* Wk)+ 2-. 25 Var (Block* pH)+ 6.75 Var (Block) 
Var (Error)+ 1.95 Var (pH* Wk)+ 1.95 Var (Block* pH)+ 5.85 Var (pH) 
Var (Error)+ 1.8462 Var (Block* Wk)+ 1.8462 Var (pH* Wk)+ 5.5385 Var (Wk) 
Var (Error)+ 2.25 Var (Block* pH) 
Var (Error)+ 2.25 Var (pH* Wk) 
Block* Week Var (Error)+ 2.25 Var (Block* Wk) 
8 3 missing observations. 
TABLE 6. Expeced mean squares for determining proper F tests for testing each source of variation of~ -potential between pH 
6.38 samples, pH 6.68 samples, pH 6.85 samples, and pH 7 .32 samples in the pH study immediately after UHT processing and 





Expected Mean Squares 
Var (Error)+ 3 Var (Block* Wk)+ 1.5 Var (Block* pH)+ 6 Var (Block) 
Var (Error)+ 2 Var (pH* Wk)+ 1.5556 Var (Block* pH)+ 4 Var (pH) 
Var (Error)+ 4 Var (Block* Wk)+ 2 Var (pH* Wk)+ 8 Var (Wk) 
Var (Error)+ 1.6 Var (Block* pH) 
Var (Error)+ 2 Var (pH* Wk) 
Block* Week Var (Error)+ 4 Var (Block* Wk) 
a4 missing observations. 
TABLE 7. Expeced mean squares for determining proper F tests for testing each source of variation of ~-potential in the 
storage temperature study immediately after UHT processing and during storage using Type III sums of squares. 
Source Expected Mean Squares 
Blocka Var (Error)+ 2.5251 Var (Block* Wk)+ 4.2085 Var (Block* T) + 12.626 Var (Block) 
Temperaturea (T) Var (Error)+ 3.1986 Var (T *Wk)+ 3.9982 Var (Block* T) + 15.993 Var (T) 
Weeka (Wk) Var (Error)+ 2.5446 Var (Block* Wk)+ 3.3928 Var (T *Wk)+ 10.178 Var (Wk) 
Block* Temperature Var (Error)+ 4.1667 Var (Block* T) 
Temperature* Week Var (Error)+ 3.375 Var (T *Wk) 
Block* Week Var (Error)+ 2.5833 Var (Block* Wk) 
as missing observations. 
coefficients often did not equal the coefficients for the corresponding variance 
component for the expected mean square of the corresponding interaction term. 
Therefore, in these cases the ratio of the coefficient for the variance component 
associated with the main effect to coefficient for the corresponding variance 
component associated with the interaction term was also squared along with the 
mean squares. The appropriate factor was multiplied by MSE so that all factors 
cancel out of the F ratio except for the variance component being tested. The 
following equations were used for calculating the F value, p degrees of freedom, 
and q degrees of freedom: 
F= 
(MS a+(~+ ~ -1) MSE) 
Cd Cf 
( Cc MS ) + ( Ce MS ) 
Cd c Cf d 
p= 
(MS a+ (Cc+ Ce -1) MSE) 2 
Cd Cf and 
q= 
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where cc and ce were the coefficients associated with a variance component for an 
interaction term in the expected mean square for the main effect, and cd and cf were 
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the coefficients associated with a variance component for an interaction term in the 
expected mean square for that interaction. The p value associated with the 
calculated F value and p and q degrees of freedom was obtained by the SAS 
function probf. 
Duncan's new multiple range test (52) for comparing sample means was 
performed by SAS for different storage times and blocks for a given pH adjustment 
or storage temperature. Duncan's test for different pH adjustments and blocks or 
storage temperatures and blocks for a given time in the appropriate experiment was 
also performed by SAS. Since SAS uses MSE for s2 w in the Duncan's test, even 
when this is not the proper error term for the approximate F test, the Duncan's test , 
the degrees of freedom used in the approximate F test for s2 w, and the critical value 
of the Studentized range were recalculated in those cases using the SAS error term 
(in which the terms may be added or subtracted to each other). 
Regression analysis was performed by the regression procedure (PROC 
REG) of SAS. Regression was performed with increasing exponent of time until 
the P-value for the highest power of time was greater than .05. The model used 
was the highest degree model in time in which the highest power term was still 
significant (P < .05). 
Transmission Electron Microscopy 
Glutaraldehyde (50%) (Electron Microscopy Sciences, Fort Washington, 
PA) was diluted to 7.5% (v/v) with water. One ml of 7.5% (v/v) glutaraldehyde 
was added to 2 ml of 3X skim milk retentate and the sample held for 10 min before 
heating to 45 to 50°C. Three ml of 3% (w/v) liquefied agar at 50°C was then mixed 
with the sample and cooled After solidification the samples were cut into narrow 
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strips and placed in vials. The vials were then filled with fresh glutaraldehyde and 
refrigerated until further use. 
The sample strips were cut into 1 mm cubes, rinsed with .1 M phosphate 
buffer, then post-fixed in 2% (v/v) osmium tetroxide in .1 M phosphate buffer. 
Ascending concentrations of aqueous ethanol solutions (30%, 50%, 70% , 95%, 
and 100% (v/v)) were used to infuse the cubes with ethanol as they were 
dehydrated. Ascending mixtures of approximately 25%, 50%, 75% (v/v) 
propylene oxide in absolute ethanol were added to the cubes before treating the 
cubes with 100% propylene oxide. Mixtures ranging from two parts of propylene 
oxide and one part Epon epoxy resin (Electron Microscopy Sciences, Fort 
Washington, PA) to 100% epoxy resin were added to the cubes. After the cubes 
were placed in a Beem capsule (Electron Microscopy Sciences, Fort Washington, 
PA), they were incubated at 45°C for 24 h, then at 60°C for 48 h. Following 
removal of the block from the Beem capsule, the sample was exposed by trimming 
the excess epoxy. Ultrathin sections were prepared with a MT2B ™ 
ultrarnicrotome (Research and Manufacturing Co., Inc., Tucson, AZ) and picked up 
onto 600 hexagonal mesh copper grids. Uranyl acetate and lead citrate were used to 
post-stain the sections at least 24 h before being examined with a Zeiss CEM 902 TM 
transmission electron microscope using an accelerated voltage of 80 kV. Pictures 
were taken using Kodak IS0163 film (Eastman Kodak Co., Rochester, NY). 




Pasteurizing skim milk reduced standard plate counts from between 2,000 
to 20,000 cfu/ml to less than 400 cfu/ml. Standard plate counts just before UHT 
processing were generally less than 2,000 cfu/ml. 
Raising retentate pH to 6.85 or 7.32 had little or no effect on s-potential of 
casein micelles. Lowering pH to 6.38, however, did reduces-potential from -20.8 
mV to -14.5 mV. Mean viscosities increased with increasing pH. Viscosity at pH 
7.32 (17 .8 cps) was significantly higher (P < .05) than at the other pH values (3.7 
to 5.4 cps). The differences in the remaining viscosities were not significant at the 
P = .05 level. 
Effect of UHT Processing 
Average total solids content of the pH-unadjusted skim milk retentate was 
16.0% before and after UHT processing, indicating an equivalent amount of water 
was removed during flash evaporation as was added during steam injection. The 
fourth replicate was omitted when calculating these averages because of its 
unexpected high fat content. 
No major differences in casein micelle microstructure were observed before 
or after UHT processing except for the acidified samples. Electron micro graphs are 
shown in Figures 4 to 8. The micelles were generally quite round but had a rough 
surface. They were usually well separated and displayed a wide size distribution. 
Some of the micelles in the pH 7.32 samples (Figure 6) appeared as though they 
contained partly dissociated material, which was more apparent after UHT 
processing compared to before UHT processing. In the UHT-processed pH 6.38 
samples (Figure 4), a continuous network was present in which individual micelles 
Figure 4. Transmission electron micrographs before (a) and immediately 




Figure 5. Transmission electron micrographs before (a), immediately after 
(b) UHT processing, and at 22 (c) and 32 (d) wk of storage of pH 6.68 skim milk 
retentate sample. 
52 
Figure 6. Transmission electron micrographs before (a), immediately after 
(b) UHT processing, and at 22 (c) wk of storage of a skim milk retentate sample 
initially adjusted to pH 6.85. 
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Figure 7. Transmission electron micrographs before (a), immediately after 
(b) UHT processing, and at 22 (c) and 32 (d) wk of storage of a skim milk 
retentate sample initially adjusted to pH 7.32. 
Figure 8. Transmission electron micrographs at 22 wk of storage of skim 
milk retentate samples initially at pH 6.38 (a), 6.68 (b), 6.85 (c), and 7.32 (d). 
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could no longer be distinguished. At this pH the retentate precipitated in the flash 
evaporator during UlIT processing. The UHT processing had little or no effect on 
room temperature viscosity of the other retentates. 
The UHT processing decreased the pH of the pH 6.68 samples (P = .038). 
A decrease in pH of the pH 6.85 and pH 7.32 retentate samples was observed, but 
it was not statistically significant at the P = .05 level. The mean pH drop was 
almost as great for samples adjusted to pH 6.85 and nearly 3 times as great for 
samples adjusted to pH 7.32 as compared to the pH 6.68 samples. This lack of 
statistical significance may have resulted from a smaller sample size (n = 3) 
compared to the pH 6.68 samples (n = 7). Results from paired t tests for pH, 
viscosity, ands-potential are given in Table 8. 
Effect of Storage Time 
Appearance of the non-acidified casein micelles changed during storage after 
UHT processing. Many micelles were joined together by long and relatively 
narrow protrusions after 22 and 32 wk of storage (Figures 5 to 8). The micelles 
also had more irregular shapes than micelles immediately after UHT processing. 
This distortion was more prevalent after 32 wk compared to 22 wk of storage. The 
pH 7 .32 sample consisted of a network of loose flocculent material. There was no 
change in microstructure of the acidified samples during storage. 
Viscosity change during storage depended on pH adjustment and storage 
temperature. The viscosity before and after UHT processing and during storage for 
each treatment in the pH study is given in Figure 9. 
Sedimentation in the acidified samples as a result of UHT processing made 
it difficult to accurately measure their viscosity. Forty to eighty milliliters of 
sediment formed from 120 ml of retentate within 2 dafter UHT processing. By 32 
TABLE 8. Paired t test comparing pH, viscosity, and 1;-potential before and 
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Figure 9. Change in viscosity of 3X ultrafiltered skim milk retentate 
samples in the pH study before and just after UHT processing and during storage 
at 23°C. .&. =initial pH 6.38; 0 =initial pH 6.68; D =initial pH 6.85; • =initial 
pH 7.32. The broken lines refer to effects of UHT processing, whereas the 
unbroken lines refer to effects of storage time. Y error bars refer to sample 
standard error of the mean. 
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wk the sediment volume was about 30 to 40 ml and became progressively more 
difficult to redisperse. The top layer was greenish-white. 
58 
For the control samples in the pH study, there was no significant difference 
in viscosity at any of the storage times between 0 and 22 wk at the P = .05 level. 
After 22 wk the viscosity increased from about 5 cps to about 50 cps at 32 wk. 
Gelation then occurred before 37 wk of storage. Likewise, for samples stored at 
23°C in the storage temperature study, there was no significant (P = .05) variation 
of viscosity between 0, 4, 8, and 18 wk of storage. Between 18 and 28 wk of 
storage, viscosity of the ungelled samples increased from 4 to 6 cps to 21 to 42 cps. 
Samples in one replicate received an extra heat treatment in the UHT system, and it 
gelled between 18 and 28 wk. Gelation occurred between 28 and 33 wk for at least 
two of the other three replicates. Approximately 2 to 10 ml of sediment formed in 
the control samples in the pH study at 32 wk and in the 23°C samples at 28 wk in 
the storage temperature study. 
For samples adjusted to pH 6.85, there were no significant (P > .05) 
differences between viscosity at 0, 3, 6, and 12 wk of storage. Between 12 and 22 
wk of storage, the mean sample viscosity increased from about 5 to about 13 cps. 
These samples had gelled before 28 wk of storage. 
From analysis of variance (Table 9) the pH 6.85 samples were more 
viscous than the pH 6.68 samples just after UHT processing to 12 wk of storage (P 
= .0095). In all cases at a given storage time after UHT processing, the samples 
adjusted to pH 6.85 had a higher viscosity at the P = .05 level than the pH 6.68 
samples. 
The pH 7 .32 samples were more viscous than the non-acidified samples at 
all times of analysis, and the increase in viscosity during storage occurred more 
rapidly compared to the non-acidified samples. During the first 3 wk after UHT 
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TABLE 9. Analysis of variance of viscosity in the pH study immediately after 
UHT processing and during 12 wk of storage comparing pH 6.68 samples and pH 
6.85 samples. 
Source df MS E df g df F Value P>F 
Between wholeplots 
Blocks 2 .577 2.10 7.08 1.87 .2232 
pH 1 3.05 1.01 4.47 23.7 .0062 
Blocks*pH 2 .0298 2.13 .1999 
Within wholeplots 
Weeks 3 .243 3.35 8.78 .665 .6093 
pH*Weeks 3 .0995 7.11 .0211 
Blocks*Weeks 6 .286 20.5 .0009 
Error 6 .0140 
Total 23 
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processing the mean viscosity of these samples increased from about 20 cps to an 
average of 160 cps. By 6 wk of storage the viscosity was about 1000 cps or 
greater. These samples formed a firmer gel and underwent less syneresis compared 
to samples adjusted to pH 6.85. 
For samples stored at 11°C and 37°C, measurements of viscosity just after 
UHT processing and 4 wk of storage are not reported because of poor temperature 
control while measuring viscosity. Since the sample variance for a given storage 
time was generally much greater for samples stored at 11°C than for samples stored 
at 23°C or at 37°C, the analysis of variance from the split plot in time design in a 
randomized block design and the randomized block design for a given time or 
storage temperature and the results from the Duncan's test will not be reported. At 
8 and 18 wk of storage, viscosity of samples stored at 11°C (14 to 75 cps) tended to 
be much higher than viscosity of samples stored at 23°C and at 37°C (3.0 to 5.9 
cps) . 
The samples from the replicate containing the highest fat content thickened 
considerably between 8 and 18 wk of 11°C storage (27.5 to 75 cps), whereas 
samples from 2 other replicates showed little change or a much smaller increase in 
viscosity (14.85 to 14.0 cps and 27.7 to 38 cps), The viscosity increased greatly 
from 18 to 28 wk of 11°C storage (75 to712 cps, 14 to 36 cps, and 38 to 1140 
cps), but a tremendous amount of variation in the viscosity occurred between the 
different replicates at 28 wk of storage. 
For samples stored at 37°C, viscosity was between 2.9 to 4.9 cps at 8 and 
18 wk of storage. Between approximately 15 and 60 ml of a firm sediment was 
present at 28 wk of 37°C storage. Therefore, accurate viscosity measurements were 
not obtained at 28 wk of storage at this temperature. 
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Changes in pH during storage for each treatment in the pH study and for 
each storage temperature in the storage temperature study are given in Figures 10 
and 11. Just after UHT processing the pH decreased by about .01 pH units for 
every Celsius degree the storage temperature was raised. Analysis of variance for 
split plot in time design and parameter estimates for regression equations predicting 
pH as a function of storage time in wk and coefficient of determination for 
treatments in the pH study are given in Tables 10 and 11. Analysis of variance for 
the split plot in time design and parameter estimates for regression equations 
predicting pH as a function of storage time in wk and coefficient of determination 
for treatments in the storage temperature study are given in Tables 12 and 13. 
For most treatments and storage temperatures, pH generally decreased with 
storage. This pH drop tended to be greater for samples adjusted to a higher pH or 
stored at a higher temperature (.2 pH units and .49 pH units for pH 7.32 samples 
and 37°C samples, respectively). Only samples stored at 37°C showed a 
statistically significant decrease in pH every storage time in which a measurement 
was made. Samples stored at 11°C had no statistically significant change in pH at 
any of the storage times. 
Tables 14, 15, and 16 give analysis of variance for the split plot in time for 
comparing ~-potential of the pH 6.68 and 6.85 samples just after UHT processing 
to 22 wk, pH 6.68, 6.85, and 7.32 samples just after UHT processing to 6 wk, 
and pH 6.38, 6.68, 6.85, and 7.32 samples just after UHT processing to 3 wk, 
respectively. There were no significant differences for ~-potential between any of 
the treatments, times, or blocks for the appropriate storage time, although the block 
and week interaction was significant (P = .0263) when comparing pH 6.68, 6.85, 
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Figure 10. Change in pH of 3X ultrafiltered skim milk retentate samples 
in the pH study before and just after UHT processing and during storage at 23°C. 
A= initial pH 6.38; 0 =initial pH 6.68; D =initial pH 6.85; •=initial pH 7.32. 
The broken lines refer to effects of UHT processing, whereas the unbroken lines 
refer to effects of storage time. Y error bars refer to sample standard error of the 
mean. Data points containing a same letter for a given pH adjustment were not 
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Figure 11. Change in pH of 3X ultrafiltered skim milk retentate samples 
in the storage temperature study before (25°C) and just after UHT processing and 
during storage. ll. = 11°C; o = 23°C; e = 37°C. The broken line refers to effects 
of UHT processing, whereas the unbroken lines refer to effects of storage time. Y 
error bars refer to sample standard error of the mean. Data points containing a 
same letter for a given storage temperature were not significantly different (P > 
.05) using Duncan's new multiple range test. 
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TABLE 10. Analysis of variance of pH in the pH study immediately after UHT 
processing and during storage. 
Source df MS E df g df F Value P>F 
Between wholeplots 
Blocks 2 .00391 2.06 13.6 4.40 .0327 
pH 3 1.97 3.00 16.0 417. .0001 
Blocks*pH 6 .000154 2.74 .0303 
Within wholeplots 
Weeks 5 .0214 5.03 19.5 4.03 .0111 
pH*Weeks 15 .00457 81.2 .0001 
Blocks*Weeks 10 .000746 13.3 .0001 
Error 30 .0000563 
Total 71 
TABLE 11. Parameter estimates for intercept p0, coefficient for time p1, and 
coefficient for time squared p2 of pH as a function of storage time in weeks and 
coefficient of determination in the pH study immediately after UHT processing 



















TABLE 12. Analysis of variance of pH in the storage temperature study 
immediately after UHT processing and during storage using Type III sums of 
squares. 
Source df MS pelf g elf F Value P>F 
Between wholeplots 
Blocks 3 .000853 5.23 18.0 1.24 .3314 
T 2 1.06 2.00 8.10 21.4 .0006 
Blocks*T 6 .000323 1.57 .3746 
Within wholeplots 
Weeks 4 .0785 4.03 8.19 1.58 .2693 
T*Weeks 8 .0497 175. .0001 
Blocks*Weeks 12 .000598 2.10 .0612 
Error 23 .000285 
Total 58a 
al missing observation. 
TABLE 13. Parameter estimates for intercept p0, coefficient for time ~ 1 , 
coefficient for time squared p2, and coefficient for time cubed p3 of pH as a 
function of storage time in weeks and coefficient of determination in the storage 
temperature study immediately after UHT processing and during storage. 
Storage temperature Po P1 P2 p3 R1 
11 6.78 .000713a .0869 
23 6.67 -.00822 .000148 .8108 
37 6.55 -.0178 -.000639 .0000231 .9950 
aThe intercept is not significant (P = .2206). 
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TABLE 14. Analysis of variance of ~-potential in the pH study immediately after 
UHT processing and during 22 wk of storage comparing pH 6.68 samples and pH 
6.85 samples using Type III sums of squares. 
Source df MS p df q df F Value P>F 
Between wholeplots 
Blocks 2 .125 8.40 8.03 .623 .7458 
pH 1 .599 1.92 5.40 3.22 .1206 
Blocks*pH 2 .0466 .186 .8341 
Within wholeplots 
Weeks 4 2.52 4.81 10.7 3.57 .0388 
pH*Weeks 4 .221 .883 .5204 
Blocks*Weeks 7 .555 2.22 .1573 
Error 7 .250 
Total 27a 
a2 missing observations. 
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TABLE 15. Analysis of variance of ~-potential in the pH study immediately after 
UHT processing and during 6 wk of storage comparing pH 6.68 samples, pH 6.85 
samples, and pH 7.32 samples using Type III sums of squares. 
Source df MS p df q df F Value P>F 
Between wholeplots 
Blocks 2 1.38 2.37 4.87 1.52 .3136 
pH 2 .510 2.74 8.00 3.63 .0668 
Blocks*pH 4 .0978 .792 .5777 
Within wholeplots 
Weeks 2 .0478 6.73 4.83 .0157 .9828 
pH*Weeks 4 .0932 .754 .5964 
Blocks*Weeks 4 .891 7.21 .0263 
Error 5 .124 
Total 23a 
a3 missing observations. 
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TABLE 16. Analysis of variance of s-potential in the pH study immediately after 
UHT processing and after 3 wk of storage comparing pH 6.38 samples, pH 6.68 
samples, pH 6.85 samples, and pH 7 .32 samples using Type III sums of squares. 
Source df MS p df q df F Value P>F 
Between wholeplots 
Blocks 2 2.34 2.25 1.42 7.82 .1736 
pH 3 5.10 3.24 5.83 32.5 .0005 
Blocks*pH 5 .0553 .261 .9088 
Within wholeplots 
Weeks 1 .0000640 3.00 1.66 .456 .7464 
pH*Weeks 3 .110 .517 .6994 
Blocks*Weeks 1 .355 1.68 .2861 
Error 3 .212 
Total 19a 
a4 missing observations. 
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regression equations predicting ~-potential as a function of storage time in weeks 
and coefficient of determination for treatments in the pH study are given in Table 
17. Magnitude of ~-potential decreased an average of .06 m V per week for 32 wk 
for pH 6.68 samples and .09 m V per week for 22 wk for pH 6.85 samples. Table 
18 gives significant differences obtained by Duncan's new multiple range test for 
randomized block designs of different storage times for a given initial pH and of 
different initial pH at a given time for the pH study. A plot of ~-potential as a 
function of storage time for each pH adjustment is given in Figure 12. 
Analysis of variance for the split plot in time design and parameter estimates 
for regression equations predicting /;-potential as a function of storage time in wk 
and coefficient of determination for treatments in the storage temperature study are 
given in Tables 19 and 20. Magnitude of ~-potential generally decreased with time 
and decreasing storage temperature, and the temperature and time interaction was 
significant (P = .0070). During 28 wk of storage magnitude of ~-potential 
decreased an average of .16 mV per week at 37°C and .05 to .06 mV per week at 
11°C and 23°C. Table 21 gives significant differences obtained by Duncan's new 
multiple range test for randomized block designs of different storage times for a 
given storage temperature and of different storage temperatures at a given storage 
time for the storage temperature study. A plot of ~-potential as a function of storage 
time for each temperature is given in Figure 13. 
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TABLE 17. Parameter estimates for intercept ~0 and coefficient for time ~ 1 of 
s-potential as a function of storage time in weeks and coefficient of determination 
in the pH study immediately after UHT processing and after 3 wk of storage for 
pH 6.38 samples, 32 wk of storage for pH 6.68 samples, 22 wk of storage for pH 
6.85 samples, and 6 wk of storage for pH 7.32 samples. 
Initial pH ~o ~I Rz 
6.38 -17.3 -.219a .3711 
6.68 -20.0 .0577 .6060 
6.85 -19.9 .0887 .6608 
7.32 -20.0 -.0353b .0200 
aThe intercept is not significant (P = .2754). 
hnie intercept is not significant (P = .7383). 
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TABLE 18. Pairwise comparison of s-potential using Duncan's new multiple 
range test at different times for a given initial pH (represented in table under pH 
subheading) and for different initial pH at a given time (represented in table under 
time subheadings). Points on the vertical line under pH subheading for a given 
initial pH or on the horizontal line in a given row under time subheadings 
containing a same letter were not significantly different at the P = .05 level. 
Initial_pH 
6.38 6.68 6.85 7.32 
Stora_g_e Time RH Time RH Time RH Time RH Time 
Before UHT y x x x 
AfterUHT b y a x a x a x 
3 Weeks a z ab y a xy a x 
6 Weeks a x ab x a x 
12 Weeks a x ab x 
22 Weeks be x b x 


















a . . 
,.~ 
. 





10 20 30 
Storage Time (Weeks) 
Figure 12. Change ins-potential of 3X ultrafiltered skim milk retentate 
samples in the pH study before and just after UHT processing and during storage 
at 23°C. A =initial pH 6.38; o =initial pH 6.68; o =initial pH 6.85; • =initial 
pH 7 .32. The broken lines refer to effects of UHT processing, whereas the 
unbroken lines refer to effects of storage time . . Y error bars refer to sample 




TABLE 19. Analysis of variance of s -potential in the storage temperature study 
immediately after UHT processing and during storage using Type III sums of 
squares. 
Source df MS E df g df F Value P>F 
Between wholeplots 
Blocks 3 .965 6.98 15.0 1.16 .3816 
T 2 49.4 2.04 9.17 22.8 .0003 
Blocks*T 6 .158 .288 .9356 
Within wholeplots 
Weeks 4 11.7 4.38 15.8 3.68 .0242 
T*Weeks 8 2.15 3.91 .0070 
Blocks*Weeks 12 1.17 2.13 .0683 
Error 19 .550 
Total 54a 
as missing observations. 
TABLE 20. Parameter estimates for intercept ~0 and coefficient for time ~1 of 
s-potential as a function of storage time in weeks and coefficient of determination 
in the storage temperature study immediately after UHT processing and during 
storage. 












TABLE 21. Pairwise comparison of ~-potential using Duncan's new multiple 
range test at different times for a given storage temperature (represented in table 
under temperature subheading) and for different storage temperatures at a given 
time (represented in table under time subheadings). Points on the vertical line 
under temperature subheading for a given storage temperature or on the horizontal 
line in a given row under time subheadings containing a same letter were not 
significantly different at the P = .05 level. 
Stora_g_e Tem_Qerature 
ll°C 25°C 35°C 
Stora_g_e Time Tem_IJ_erature Time Tem.E_erature Time Tem.E_erature Time 
AfterUHT a z a y a x 
4 Weeks a z a y ab x 
8 Weeks a y ab x be x 
18 Weeks ab y b xy be x 
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Figure 13. Change in ~-potential of 3X ultrafiltered skim milk retentate 
samples in the storage temperature study before (25°C) and just after UHT 
processing and during storage. 6 = 11°C; o = 23°C; e = 37°C. The broken line 
refers to effects of UHT processing, whereas the unbroken lines refer to effects of 
storage time. Y error bars refer to sample standard error of the mean. 
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DISCUSSION 
Interpretation of MSES Model and 
DL VO Mechanism 
Stability, whether it be structure of a micelle or aggregation of micelles, is 
76 
determined by balance of energy barriers and free energy of the whole system. In 
the case of micellar aggregation, the sum of the energy from surface potential and 
van der Waals forces forms the energy barrier, whereas kinetic energy of particles 
can be thought as free energy of the whole system. If attractive energy is greater 
than the repulsive energy or if kinetic energy is greater than the sum of electric 
double layer and van der Waals energies, then aggregation will occur (DLVO 
theory). A high surface potential slows down or practically eliminates micellar 
aggregation, while decreasing this surface potential results in more aggregation. 
For micelle structure stability, intramicellar bonds are the local energy 
barriers, whereas the surface potential is related to free energy of the whole system 
(25). Increasing the surf ace potential increases electrostatic repulsion between the 
surface elements. A sufficiently strong repulsion among surface elements can 
overcome the intramicellar energy barriers that prevent micellar rearrangements. 
Therefore, when a micelle acquires sufficient energy (i.e., a high surface potential), 
structural rearrangements (transformations) can occur that serve to lower micellar 
surface potential. Micelles with high surface potential undergo more structural 
rearrangements, whereas micelles with low surface potential would undergo fewer 
structural rearrangements. Therefore, a micelle's initial susceptibility to structural 
rearrangements (aging alterations) is inversely related to its initial susceptibility to 
aggregation. If unstable micelles with high surface potentials are present, the aging 
alterations process continues. When the surface potential is lowered to a critical 
level, the micelles will aggregate via the DLVO mechanism. 
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Whether only a very few or many structural rearrangements of a given 
micelle occur before age gelation may be predicted by principles of the model. 
Samples containing many micelles with high surface potentials lower their surface 
potential, and thus their system free energy, faster than samples containing few 
micelles with high surface potentials. Since lower surface potentials result after a 
transformation, the rate of decrease of surf ace potential should decrease during 
aging alterations. If at least some of the initial structural rearrangements resulted in 
micellar surface potentials below the "critical" surface potential, then the 
observation of faster age gelling of samples containing micelles with higher initial 
surface potential than samples containing micelles with lower initial surface 
potential can be explained more realistically. A sample with an initially high surface 
potential can obtain and keep a lower surface potential than a sample with a low 
initial surface potential until age gelation occurs. 
Graf and Bauer (25) stated it is likely these structural rearrangements of 
individual micelles proceed by random potential jumps. If most of the individual 
micelles undergo many (but small) random potential jumps resulting in surface 
potentials still above the "critical" surface potential, then one would predict samples 
having many micelles with a high initial surface potential could age slower than 
samples having few micelles with a high initial surface potential. Even if one 
micelle with a higher initial surface potential obtained a lower surface potential (but 
still above the "critical" surface potential) by structural rearrangements compared to 
a second micelle with a lower initial surface potential, perhaps this second micelle 
(which now has the higher surface potential) can now obtain a lower surface 
potential by structural rearrangements compared to the first micelle. If this process 
continues, it would be difficult to determine which one of these micelles would 
have a lower surface potential after a given time. 
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If the micelle with the higher initial surface potential lowered its surface 
potential over a period of time to the same level as the initial surface potential of the 
micelles having the lower initial surface potential, then the micelles having the lower 
initial surface potential should age quicker than the micelle having the higher initial 
surface potential. Since this model predicts samples containing many micelles with 
high surface potentials will age faster than samples containing only few micelles 
with a high surface potential, one or only a very few structural rearrangements 
leading to micellar surface potentials above the "critical" surface potential probably 
occur if this model is true. 
Observations by transmission electron microscopy of changes in micellar 
structure over storage time may indicate whether one or very few structural 
rearrangements or many structural rearrangements occur before age gelation. The 
difficulty is that different micelles are photographed each time during storage and 
that variations occur in sectioning and structure of micelles. It is difficult to 
approximate the number of structural rearrangements which may occur before age 
gelation. Because electron microstructure of control samples changed considerably 
between UHT processing and 22 wk of storage, and between 22 and 32 wk of 
storage, probably more than one micellar structural rearrangement occurred. 
For both mechanisms the rate of aggregation increases with increasing 
number of unstable micelles and with increasing probability of contact. 
Aggregation becomes visible when a critical average micellar surface potential has 
been obtained. For the DL VO mechanism micelles unstable against aggregation 
may be present initially, whereas for the MSES model, micelles unstable against 
aggregation are produced by starting with micelles initially stable against 
aggregation by possessing high surface potentials. 
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Doppler frequency shifts of scattered laser light in DELSA are due to micellar 
movement caused by diffusion as well as by electric field. Therefore, it is difficult 
to determine the s-potential distributions by just looking at spectra. Perhaps the 
s-potential of all micelles in a sample is very similar, or perhaps there may be many 
micelles having ~-potentials much higher and many other micelles having 
s-potentials much lower than the mean. One would expect a wider distribution of 
micellar aging alterations in samples having a wide distribution of s-potentials 
compared to samples which had little or no variation of s-potential. However, it 
would be difficult to predict the effect of distribution of s-potentials for a given 
mean s-potential on overall rate of aging alterations and age gelation time. 
Another source of variation of age gelation times for samples depends on 
their characteristics and their storage temperatures. The stability limit for 
aggregation, which probably depends on "critical" surface potential, depends on 
concentration, ionic equilibrium, micellar condition, and storage temperature (25). 
Aggregation may occur at a higher "critical" surface potential if it is stored at a 
higher temperature. Therefore, it will be more difficult to predict age gelation times 
based on surf ace potentials if aggregation reaction is altered. 
Assuming equals-potential distributions around their respective mean, the 
storage temperature study supports this model in terms of rates of aging alterations. 
Samples stored at 37°C had the highest initials-potential and the fastest rate of 
decrease of s-potential. Also, rate of decrease of s-potential of these samples 
decreased with time. These two observations support the MSES hypothesis that 
rate of aging alterations decreases with decreasing surface potential. These 37°C 
samples aged and destabilized the fastest Since mean ~-potential of these samples 
was not significantly different at P = .05 level than mean ~-potential of the 25°C 
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samples after 28 wk of storage, the earlier destabilization of 37°C samples implies a 
higher "critical" surface potential at higher storage temperatures. 
However, results from the pH study do not support this model unless 
"critical" surface potential increases with pH. At most analysis times the mean 
s-potentials were not significantly different, but there were large differences in age 
gelation times. Rate of drop ins-potential between pH 6.68 and 6.85 samples until 
22 wk of storage were similar, indicating similar rates of aging alterations. 
Since destabilization of UHT-concentrated milk occurred faster at higher 
storage temperatures even though s-potential was higher in this experiment, DL VO 
theory was not the only mechanism involved in age gelation in UHT-concentrated 
milk. Also, DL VO theory was probably not the only mechanism involved in age 
gelation of the non-acidified samples in the pH study because there were usually no 
significant differences in s-potential but large differences in age gelation times. In 
both cases these conclusions assume that dielectric constant, particle radius, double 
layer thickness, and van der Waals forces were independent of retentate pH and 
storage temperature. 
Comparison of s-Potential Results 
with Others 
Increasings-potential of casein micelles with temperature within various 
temperature ranges was also found by many others (16, 18, 19, 22, 63). Green 
and Crutchfield (27) reported s-potential decreased with temperature, while 
Brinkhuis and Payens (12) did not find a relationship between temperature and 
s-potential. My observation thats-potential increased with temperature was 
surprising because decreased stability and increased calcium ion adsorption occur at 
higher temperatures. One explanation is that at lower temperatures a thicker hairy 
81 
layer caused by partial dissociation of J3-casein from the micelle would increase the 
distance between micelle core and shear plane and thus decreases-potential (86). 
Alternatively, micellar charge may be reduced when casein molecules dissociate 
from micelles at lower temperatures (27). The increase in stability with lower 
s-potential may also be explained by weaker hydrophobic interactions or possibly 
weaker van der Waals forces at lower temperatures (63). 
Many others have also determined s-potential at various pH's. When 
lowering pH to values above pH 5.4, many others (6, 18, 19, 32, 75) also found 
~-potential decreases. Holt et al. (36) reported electrophoretic mobility of casein 
micelles in synthetic buffers did not vary between pH 6.0 and 7.0. Dissociation of 
colloidal calcium phosphate probably causes a decrease ins-potential when pH is 
lowered (86). When raising pH with NaOH, Schmidt and Poll (75) found a slight 
increase ins-potential for heated casein micelles but little or no change ins-potential 
for unheated micelles, while I did not see a change ins-potential between different 
pH adjustments before and after UHT processing. 
My results for effect of heat treatment of non-acidified samples on 
s-potential generally agree with results of others. Darling and Dickson (18, 19) 
found heat treatments at 135°C for times just less than required to cause heat 
coagulation did not affects-potential. This was unexpected because the pH drops 
after intense heat treatments (19). Schmidt and Poll (75) found micellar heat 
treatments of 120°C for 10 min had little or no effect on s-potentials for pH greater 
than about 6.0. 
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secondary calcium phosphate precipitation, and hydrolysis and precipitation of 
organic phosphates (24 ). Heat stability of milk is decreased by lowering pH and by 
increasing its concentration, although the heat stability of VF retentate is much 
greater than evaporated milk (87). 
Micelle Dissociation Model 
More prevalent appendage formation with increasing initial pH paralleled 
increased viscosity of these samples. Appendage formation in pH 6.68 samples 
occurred before thickening. Material in the appendage may have come from 
material that partially dissociated from the micelles. These observations support the 
micelle dissociation model of age gelation. 
Mottar et al. ( 49) reported that appendages form on the surface of casein 
micelles when J)-lactoglobulin denatures and interacts with K-casein. Micrographs 
showed appendages formed later in storage. With increased heat treatments 
J)-lactoglobulin on the micellar surface is covered by a-lactalbumin precipitate, 
which results in a smooth micellar surface (49). 
Relation of Heat Coagulation to 
Age Gelation 
Kudo (41) reported type A milk can be explained by heat stability of 
K-casein and J)-lacto globulin complex and dissociation of this complex from 
micelles. Heat stability of this complex, which is similar to micellar heat stability 
when this is associated with the micelle, increases between pH 6.2 to 6.4. At 
higher pH values this complex dissociates from the micelle. Singh and Fox (77) 
suggest this loss of heat stability at this stage is due to reduction of ~-potential. 
These depleted casein micelles become heat stable above pH 6.9. Drop in heat 
stability with increasing pH in type A milk may be due to dissociation of the heat 
when this is associated with the micelle, increases between pH 6.2 to 6.4. At 
higher pH values this complex dissociates from the micelle. Singh and Fox (77) 
suggest this loss of heat stability at this stage is due to reduction of ~-potential. 
These depleted casein micelles become heat stable above pH 6.9. Drop in heat 
stability with increasing pH in type A milk may be due to dissociation of the heat 
stable complex from heat stable micelles to serum forming a heat sensitive protein 
depleted micelle between pH 6.7 and 6.9. 
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According to Walstra and Jenness (87), at sufficiently high pH heat 
coagulation and age gelation of concentrated milk can be considered similar. 
Sweetsur and Muir (81) showed there was a minimum in heat coagulation time at 
130°C for unconcentrated milk in the heat coagulation time versus pH plot. 
However, if milk was concentrated before determining heat stability, then there was 
no minimum in the heat coagulation time versus pH curve. The maximum in these 
plots occurred at a pH between 6.7 and 6.8, which is between my pH 6.68 and 
6.85 samples. Interpolation of heat coagulation times from these curves showed 
these times at pH 6.68 and 6.85 were quite similar. Extrapolated heat coagulation 
time for pH 7.32 was less than either of these times. Although stability to heat 
coagulation and age gelation as a function of pH at a sufficiently high pH may be 
qualitatively similar, it is difficult to draw any conclusions about similarity of their 
mechanism. 
Role of Calcium Phosphate 
Changes occur in calcium phosphate distribution when pH or storage 
temperature is altered. Storing milk at higher temperatures reduces soluble calcium 
and phosphate contents compared to lower temperature storage. Acid addition 
solubilizes colloidal calcium phosphate and releases caseinate calcium. Adding 
NaOH converts primary phosphates into secondary phosphates, which leads to 
precipitation of calcium phosphate. The Na+ may also bind to the casein (66). 
Decreased solubility of calcium phosphate may cause casein micelles to stick 
together faster through their phosphoserine groups (84). 
Maillard Reaction 
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Rate of Maillard reaction increases in milk with temperature and with pH in 
the range 6.0 to 7 .6 when autoclaving (57). The large pH drop, and thus 
s-potential drop, of 37°C samples is probably due to presence of Maillard reaction. 
Although pH 7 .32 samples did not become brown, perhaps Maillard reaction 
occurred because of their high pH and large pH drop. Since Maillard reaction 
produces acid, reaction rate may decrease over time (87). 
Stability at Different Initial pH 
and Storage Temperatures 
Board and Mullett (7) described a processing method to produce sterilized 
concentrated milk in which age gelation and sedimentation are eliminated. In this 
method milk is forewarmed to 97°C for 20 min, and then pH was raised to 7.37 ± 
.05 before concentration and sterilization. When Board and Mullett (7) adjusted 
pH of milk to pH values higher than this, these samples were less heat stable than 
pH 7 .37 samples. Their results of prolonging shelf life do not agree with present 
results because of differences in processing steps. Board and Mullet used vacuum 
concentration and sterilizing heat treatments of 128°C for 3.5 min, whereas in the 
present study UF concentration and UHT processing were performed without 
forewarming. Neither UF concentration nor UHT processing decreased the pH in 
this study, whereas pH drop occurred during forewarming and vacuum 
concentration steps and during sterilization. Two days after canning, the pH of 
their samples containing NaOH was .1 pH unit lower than their original milk. 
Although initial viscosity of their NaOH containing samples was higher than 
controls, controls were solidified and had a pH of 6.2 two d after canning. 
Therefore, NaOH was added to counteract acid production during processing and 
prevent early solidification. Since pH does not drop after UF concentration or 
UHT processing, NaOH does not need to be added to UF concentrated 
UHT-processed milk. 
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My finding that age gelation time of concentrated milk decreased with 
storage temperature agreed with results of several others (28). This decreased shelf 
life was expected because rates of most reactions increase with temperature. 
Recommendations for 
Future Research 
Based on my results of lower viscosity with decreasing pH before UHT 
processing and longer age gelation times with lower initial viscosities for 
non-acidified samples, I would predict age gelation could be delayed by 
post-sterilization acidification of retentate. Types and levels of acid to maximize 
time before onset of age gelation would have to be empirically determined. 
However, decreasing pH decreases relative colloidal calcium phosphate content. 
McGann and Pyne ( 4 7) reported viscosity of milk will rise if colloidal phosphate 
content of milk is either increased or decreased. 
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CONCLUSIONS 
1. Before UHT processing pH 6.38 samples had a lower viscosity than the 
remaining samples. For non-acidified samples after UHT-processing, mean 
viscosity increased and age gelation time decreased with increasing pH for 
samples in the pH study. Perhaps these differences between non-acidified 
retentate samples are due to decreased solubility of calcium phosphate, which 
may cause micelles to stick together faster through their phosphoserine 
groups, when pH is raised. 
2. Acidified 3X UF retentate (pH 6.38) precipitated during UHT processing. 
This precipitation is probably due to instability of acidified retentate to high 
temperatures. 
3. Between 15 to 60 ml of a finn sediment formed in each 120 ml retentate 
sample within 28 wk of 37°C storage. Samples stored at 11°C and 23°C in the 
storage temperature study had large viscosity increases between 18 and 28 wk 
of storage but little sedimentation. 
4. Transmission electron micrographs revealed many micelles joined by long and 
relatively narrow protrusions before viscosity increased. These protrusions 
were more apparent for pH 7.32 samples than for pH 6.68 samples. 
5. Drop in pH was greater for samples adjusted to a higher pH or stored at a 
higher temperature. For the latter case this pH drop accompanied brown color 
formation, indicating Maillard reaction had occurred. 
6. Magnitude of s-potential decreased when lowering retentate pH to 6.38 but 
showed little or no change when raising retentate pH to 6.85 or 7.32. 
7. Magnitude of s-potential increased with increasing storage temperature. 
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8. Magnitude of s -potential decreased about 5 m V during 28 wk of 37°C 
storage, while magnitude of s-potential of pH-unadjusted samples decreased 
between 1.5 to 2.0 m V during 28 or 32 wk of 11°C or 25°C storage. This 
large drop in magnitude of s-potential of samples stored at 37°C is probably 
due to its large pH drop and occurrence of Maillard reaction. 
9. The storage temperature study showed the DL VO model alone probably 
cannot account for age gelation because samples stored at 37°C destabilized 
quicker than samples stored at 11°C or 23°C even though mean absolute value 
of s-potential was highest for samples stored at 37°C. Also, the results from 
the pH study do not support this model because there were no significant 
differences in s-potential of the non-acidified samples, but there were large 
differences in age gelation times. 
10. Although equations exist for predicting rate constants for coagulation based 
on s-potential, predicting age gelation times will be difficult because of 
problems with interpretation of s-potential, especially for casein micelles. 
11. The MSES model as a factor in age gelation was supported in the storage 
temperature study because samples stored at 37°C had higher initial absolute 
value of s-potential and gelled quicker. Results from the pH study do not 
support this model because there were no significant differences in initial 
s-potential of the non-acidified samples, but there were large differences in 
age gelation times. 
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When a value for refractive index, which can have up to 6 digits to the right 
of the decimal point, is entered into the DELSA computer, optical angles appear on 
the screen. Since optical angles are given to only 1 digit to the right of the decimal 
point by DELSA, it was necessary to get more precise values for these angles as a 
function of refractive index to obtain precise values for electrophoretic mobility and 
~-potential. The value for optical angle corresponding to the 30° mechanical angle 
when refractive index equals 1.342 was determined by interpolation. 
Values for refractive index were entered into the computer until optical angle 
changed. I found pairs of values for both refractive index and the corresponding 
optical angle in which the first value of refractive index gave a certain value for 
optical angle and a refractive index .000001 higher gave a .1° lower value for 
optical angle. I determined the average of each pair of the refractive indices and the 
corresponding optical angles. Then, I approximated optical angles as a function of 
refractive index using polynomial regression of 12 averages of refractive indices 
and the corresponding averages of optical angles using SAS (PROC REG). The 
final equation for the 30° optical angle was: 
30° optical angle= 143.943149 -166.505567 n + 84.393664 n2 - 15.931995 n3. 
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APPENDIX B 
An example of a data file (pHpH.dat) and a SAS file for a split plot in time design 
in a randomized block design with random effects and approximate F tests. 
Replicate, coded pH adjustment, week, and pH value are given in columns 1, 2, 3, 
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2 3 12 6.732 
2 3 22 6.699 
2 3 32 6.708 
2 4 0 7.273 
2 4 3 7.193 
2 4 6 7.142 
2 4 12 7.126 
2 4 22 7.072 
2 4 32 7.063 
3 1 0 6.366 
3 1 3 6.332 
3 1 6 6.360 
3 1 12 6.326 
3 1 22 6.345 
3 1 32 6.426 
3 2 0 6.659 
3 2 3 6.630 
3 2 6 6.648 
3 2 12 6.591 
3 2 22 6.579 
3 2 32 6.589 
3 3 0 6.827 
3 3 3 6.781 
3 3 6 6.806 
3 3 12 6.736 
3 3 22 6.704 
3 3 32 6.723 
3 4 0 7.260 
3 4 3 7.196 
3 4 6 7.215 
3 4 12 7.134 
3 4 22 7.075 
3 4 32 7.085 
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An example of a SAS file using the previous data file (pHpH.dat) for a split plot in 




input Blocks pH Weeks pHvalue; 
proc glm data=phh; 
class Blocks pH Weeks; 
model pHvalue =Blocks pH Weeks pH*Blocks pH*Weeks Blocks*Weeks; 
random Blocks pH Weeks pH*Blocks pH*Weeks Blocks*Weeks I test; 
means Blocks pH Weeks I Duncan; 
proc print; 
